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Parsons,  Rodney  L.,  W.  W.  Hofmann,  and  George  A. 
Feigen.  Mode  of  action  of  tetanus  toxin  on  the  neuromuscular  junction. 
Am.  J.  Physiol,  aio(i):  84-90.  1966. — Studies  on  the  source 
of  the  activated  spontaneous  discharge  of  miniature  end-plate 
potentials  (MEPF s)  by  tetanus  toxin  indicate  that  the  MEPP’s 
arc  thos.  whose  release  mechanism  is  both  calcium-  and  volt¬ 
age-dependent.  The  potentiation  of  spontaneous  release  by 
toxin  did  not  occur  in  the  absence  of  calcium  or  magnesium;  it 
was  enhanced  by  increasing  the  calcium  concentration.  These 
results,  together  with  the  observation  that  depolarization  by 
potassium  blocked  or  reversed  the  peripheral  effect  of  tetanus 
toxin,  suggest  that  the  toxin  acts  by  lowering  the  presynaptic 
resting  membrane  potential.  Studies  of  the  direct  effect  of  toxin 
on  neuromuscular  transmission  in  the  rat  phrenic  nerve-dia¬ 
phragm  preparation  indicate  that  the  toxin  decreases  the  prob¬ 
ability  of  transmitter  release  by  a  nerve  spike,  the  rate  of  initial 
transmitter  depiction,  and  the  level  of  sustained  transmitter 
output. 

miniature  end-pla:e  potentials;  spontaneous  neuromuscular 
activity;  neurotoxin;  neuromuscular  transmission;  bacterial 
toxins;  transmitter  release;  transmitter  depiction;  intracellular 
potentials 


Srooks,  CURTIS,  AND  ECCLEs  (i)  havc  Suggested  that 
the  site  of  the  central  paralytic  action  of  ciystalline 
tetanus  toxin  is  at  the  synaptic  junctions  between  the 
specific  intemeurons  of  the  inhibitory  pathway  and  the 
motoneuron,  and  that  the  characteristic  paralysis  results 
from  blockade  of  spinal  inhibition.  The  mode  of  chemical 
action  is  not  known,  but  studies  by  van  Heyningen  (26, 
27)  on  the  nature  of  the  chemical  receptor  substance  have 
shown  it  to  be  a  water-soluble  ganglioside  which  exists  in 
nervous  tissue  as  water-insoluble  complexes  with  cere- 
brosides  and  sphingomyelin.  It  is  also  significant  that  the 
centrally  acting  “tetanospasmin”  can  be  inactivated  by 
adsorption  with  these  cerebroside-ganglioside  complexes. 
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Recent  studies  in  this  laboratory  (10)  have  shown  that 
impure  tetanus  toxin  has,  in  addition  to  the  classical 
central  effect,  a  direct  action  on  the  skeletal-neuro¬ 
muscular  junction.  The  peripheral  effect  was  recognized 
by  an  increase  in  the  frequency  of  spontaneous  miniature 
end-plate  potentials  (MEPP's)  as  recorded  intraccllularly 
from  the  intercostal  muscles  of  the  mouse.  It  was  also 
shown  from  a  comparison  of  the  effect  of  toxin  at  various 
temperatures  that  an  additional  activation  energy  of  7 
kcal  is  required  for  the  MEPP-potentiating  action  of 
toxin.  Since  adsorption  of  the  centrally  acting  teta- 
nospasmin  on  protagon  removed  98 '7  of  the  central 
paralytic  power  but  left  the  peripheral  action  unaltered, 
it  was  evident  that  the  peripheral  effect  was  caused  by  a 
principle  distinct  from  tetanospasmin,  although  the 
effects  of  both  components  could  be  blocked  by  curare 
and  by  specific  equine  antitoxin.  The  change  in  MEPP 
frequency  at  37  C  caused  by  toxin  thus  far  has  appeared 
to  be  limited  to  an  increase  of  approximately  5o'(. 

The  object  of  the  present  studies  was  to  determine 
whether  the  MEPP’s  affected  by  toxin  arc  of  the  kind 
whose  release  is  dependent  on  the  presynaptic  membrane 
potential  (9),  and  to  assess  the  effects  of  toxin  on  impulse 
transmission  when  the  probability  of  transmitter  release 
is  varied. 

materials  and  methods 
Tissue  Preparation 

The  electrophysiological  assay  techniques  on  the  mouse 
intercostal  preparation  have  been  described  previously 
(10).  In  the  present  study  male  Swiss-Webster  mice, 
averaging  20  g  in  weight,  were  killed  by  decapitation;  the 
thoracic  cage  was  removed  quickly  and  bne-half  of  it 
mounted  in  a  Perspex  clamp,  which  was  then  positioned 
in  a  muscle  bath  (24)  containing  test  solution.  After  an 
equilibration  period  of  20  min,  MEPP’s  were  recorded 
from  10  to  15  cells.  Toxin  was  then  introduced  and  after 
a  lapse  of  10  min  the  recording  procedure  was  repeated. 

Studies  of  the  direct  effect  of  tetanus  toxin  on  neuro¬ 
muscular  transmission  were  performed  in  vitro  on  the  rat 
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diaphrai;nt-phrc'i)ic  nerve  preparation  (i).  For  these 
cx|>eriments  rats  of  the  Wistar  strain,  nnselecte'’!  as  to  sex, 
weiehini'  between  2(h>  and  jtK)  i;  were  used.  The  left 
hemidiaphraijm  with  the  phrenic  nerve  intact  was  re¬ 
moved  under  profound  ether  narcosis  and  the  animal 
sacrificed.  The  nm.scle  strip  and  attached  nerve  were 
immediately  immersed  in  well-oxy(;enated  physiological 
solution  and  pinned  under  slight  stretch  on  a  parallin 
holder  which  was  then  transferred  to  the  nmscle  bath. 
Recordintts  of  EPP's  were  made  when  nciiromiisciilar 
transmission  was  partially  blocked,  either  by  to  him 
inai;ncsinin  and  1.5  him  calcium  or  by  curare  in  concen¬ 
trations  raiiEjinc;  from  i  to  5  X  io-‘  'ml.  The  quantum 
content  of  the  EPP's  was  determined  in  one  of  two  ways 
according  to  the  conditions  of  the  experiment:  in  the 
presence  of  hi(;h  concentrations  of  maG'nesium,  the 
quantum  content  (m)  was  determined  by  the  ratio  of  the 
mean  EPP  amplitude  to  the  mean  MEPP  amplitude 
(3,  t8);  in  curare  it  was  deter., lined  from  the  ratio  of  the 
variance  to  the  mean  EPP  amplitude  in  trains  of  im¬ 
pulses  (23). 

Toxin 

A  partially  purified  preparation  of  tetanus  toxin 
(T1)594B)  was  obtained  as  a  lyophilized  powder  from  Dr. 
R.  ().  Thomson  of  the  Wellcome  Research  Lalxjratories, 
Beckenham.  Preparation  T1)594B  contained  4  X  io‘ 
mouse  LD.vi  111?;  it  was  42'  *  protein  and  had  278  Lf  E'  'mg 
protein,  l  ltracentrifugal  analysis  showed  three  distinct 
comptonents  in  the  crude  preparation,  the  major  com¬ 
ponent  having  a  sedimentation  constant  of  7S  (.Svedt)erg 
units)  and  two  minor  components  having  sedimentation 
constants  of  4S  and  13S.  For  electrophysiological  testing 
the  toxin  was  dissolved  in  0.15  m  phosphate  buffer  (pH 
7.0)  containing  o.  i  '  i  (w/v)  gelatin.  The  concentration  of 
toxin  used  in  these  studies,  between  io~*and  io~'’ mg/ml, 
was  sullicient  to  produce  a  maximal  stimulation  of 
MEPP  frequency. 


FIG.  I.  Potrnti.ition  of  the  peripher.il  .irtion  of  fetnnus  toxin 
by  calcium. 

FIG.  2.  Influence  of  magnesium  on  the  frequency  of  the  jpon- 
taneous  discharp". 

FIG.  3.  Depressant  effect  of  iiiaitnesium  on  the  peripher.il  action 
of  tetanus  toxin.  The  ratio  of  the  MEPP  frequency  in  x  mw  Mk** 
to  the  MEPP  frequency  in  o  him  .Mr**  Ls  expressed  as  a  function 
of  the  external  inaffnesium  concentration. 


T.ABI.E  I.  In/Itirmr  of  fmlrissium  on  /n’rififinfif  m  tmn 
of  tetanus  toxin  at  77  C 
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•  V.ilues  taken  from  Ciroonian  I.ecture  by  Katz  (ib). 
t  Me.m  frequency  ±  .SK  computed  from  averaijr  frequencies  of 
N  prep.iratioiis.  J  In  the  presence  of  1.19  X  10*’  mc/ni! 
tetanus  toxin  (TD5q4B)  final  b.ith  concentration. 


Afijuiratus 

Resting  membrane  potentials  and  transients  were 
recorded  with  KCM-filled  micropipettes  connected  by  an 
Ag-AgC:i  bridge  to  the  input  of  a  ca'hode  follower 
circuit  (24).  The  potentials  were  displayed  on  a  Tek¬ 
tronix  (Tektronix  Inc.,  Portland  7,  Ore.)  502  twin-beam 
oscilloscope  and  photographed  with  a  Grass  (Grass 
Instrument  Co.,  Quincy,  Mass.)  oscilloscope  camera. 
When  required,  EPP's  were  elicited  by  stimulation  of  the 
phrenic  nerve  w'ith  repeated  supramaximal  square-wave 
stimuli  delivered  either  by  a  Grass  S4  stimulator  or  by  an 
American  Electronic  Laboratories  (C^olmar,  Penna.) 
104-2  stimulator,  at  frequencies  of  either  23  or  30 
cycles,  sec  for  1-2  sec. 

Solutions 

The  tissues  were  maintained  in  a  continually  renewed 
physiological  solution  as  described  by  Liley  (17).  The 
fierfusion  fluid  was  constantly  circulated  and  was 
saturated  with  93 '<  Oj  3''<  CD*  by  means  of  a  lift- 
pump  system  similar  to  that  described  by  Szekeres  and 
Vaughan  Williams  (23).  The  teiTiperature  was  con¬ 
trolled  by  means  of  a  Techne  (Techne  (Princeton)  Ltd., 
Princeton,  N.  J.)  Tempunit  TL'8,  and  unless  otherwise 
indicated  all  experiments  were  carried  out  at  37.0  d: 
0.1  C. 

The  addition  of  MgClj ,  CaCl* ,  and  KCl  was  com¬ 
pensated  for  by  omitting  an  osmotically  equivalent 
amount  of  NaCl  from  the  medium  (12).  Substitution  of 
NaNQj  and  of  NH<C1  for  NaCl  was  made  on  an  equimo¬ 
lar  basis. 

RESULTS 

Source  of  Activated  Spontaneous  Disi  harge 

Specificity  of  activation.  The  possibility  that  the  increased 
MEPP  frequency  observed  in  the  presence  of  toxin  was 
due  to  contaminating  cations  such  as  K+  or  Ca^''^  was 
eliminated  in  the  previous  study  (to).  In  the  present 
study  we  have  ruled  out  the  nonspecific  influence  of  pro¬ 
teins  by  testing  bovine  gamma  globulin  and  bovine 


86 


fc. 

sr 


scnim  albumin  in  concentrations  ranging  from  io~'' 
to  io~'  mg  nil,  and  tetanus  toxoid  in  a  concentration 
range  of  io~’’  to  io“*  mg/ml.  None  of  these  substances 
had  anv  measurable  effect  on  the  random  discharge  of 
MEPP’s. 

hjlurmt  of  calcium  aud  magnesium  ions.  Calcium  and 
magnesium  ions  act  antagonistically  on  the  frequency  of 
spontaneous  discharge  at  the  mammalian  myoneural 
junction.  Increasing  the  caicium  ion  concentration 
augments  the  frequency  of  MEPP’s,  whereas  raising  the 
magnesium  ion  concentration  depresses  the  spontaneous 
rate  of  discharge  (13!.  Magnesium  acts  solely  by  reducing 
the  potentiating  effect  of  caicium,  but  in  itself  it  is  with¬ 
out  influence  on  MEPP  frequency  ( 1 3).  The  same  antag¬ 
onism  is  clearly  seen  in  relation  to  any  agent  which 
increases  the  MEPP  frequency  by  depolarizing  the 
presynaptic  membrane.  Consequently  depolarization- 
coupled  potentiation  of  MEPP  frequency  becomes  lost  in 
the  absence  of  calcium,  augmented  by  increasing  the 
calcium  concentration  above  normal  levels,  and  de¬ 
pressed  drastically  by  high  concentrations  of  magnesium 
(6,  iqV  Considering  the  importance  of  these  two  cations, 
tho  potentiating  effect  of  toxin  was  studied  while  the 
calcium  and  magnesium  ion  concentrations  were  varied 
independently  in  the  range  0-5  him  for  calcium  and  0-3 
mM  for  magnesium. 

The  mean  frequency  of  MEPP’s  increased  as  the 
calcium  concentration  was  increased  in  the  range  0-5 
mM;  the  average  frequencies  were  5.31  ±  0.39  sec"'  (5 
preparations — ca.  60  fibers),  9.13  ±  0.64  sec"*  (13 
preparations),  and  10.90  ±  0.89  sec"'  (5  preparations)  at 
calcium  concentrations  of  o,  2,  and  5  niM,  respectively. 
The  42'/  reduction  of  MEPP  frequency  when  the 
normal  2  mM  calcium  solution  was  replaced  by  calcium- 
free  medium  is  similar  in  magnitude  to  that  previously 
observed  (13).  From  an  examination  of  Fig.  i  in  which 
the  MEPP  frequency  is  expressed  as  a  function  of  the 
calcium  concentration,  it  is  seen  that  the  toxin  exerted 


PIC.  4.  Interaction  between  potassium  and  tetanus  toxin  0.1  the 
rate  of  spontaneous  discharge.  A:  MEPP  frequency  plotted  as  a 
function  of  the  external  potassium  concentration  (logarithmic 
coordinates).  B.-  spontaneous  discharge  rate  expressed  as  a  loga¬ 
rithmic  function  of  the  depolarization  produced  at  the  various 
concentrations  of  potassium. 

PIG.  5.  Influence  of  toxin  on  the  rate  of  initial  transmitter  de¬ 
pletion.  Each  point  represents  asrrage  of  severti  fibers  plotted  as 
percent  of  mean  initial  end-plate  potential  amplitude;  stimulation 
rate  50  cycles/sec. 
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TABLE  2.  Interaction  between  .\Hi*  and  tetanus  toxin  on 
mammalian  mmiature  end-plate  potentials  at  j/  C 


M«n 

RP,mv 

MKPP  Kre-;. 

±  SB,  ttC-' 

VIKPP  Ampl. 

±  SB.  mv 

No.  ol 
Fib»rs 

f  Uintrol 

60.6 

8.33±o.8o 

o.5flio.o4 

■'3 

10' ;•  Nil,' 

58-7 

io.27±i  .02 

0.40i0.02 

^7 

lo'V  Nlli'-l-toxint 

58.1 

II. 61  ±1.33 

O.JiiO.OZ 

•*9 

Control 

62.3 

10.08io.71 

o.42io.o3 

25'V*  Nlir 

44.1 

123.07i18.n4 

o.2oio. 02 

*7 

25'',  NH4'*'-Ftoxint 

41 .6 

. 

55.89i12.54 

0.  I9i0.02 

*5 

•Control  measurements  in  I.iley's  solution;  test  measure¬ 
ments  in  Liley’s  solution  in  which  either  10'','  or  25'  ,'  of  NaCl  is 
replaced  by  NII4CI.  +  Toxin  (TD5q4B)  added  to  give  tin.il 
bath  concentratiun  of  1. 19  X  icT*  mg/ml. 

no  effect  on  MEPP  frequency  when  calcium  ions  were 
omitted  from  the  perfusion  fluids.  However,  when 
calcium  was  introduced  and  its  concentrr  tion  increased, 
the  effectiveness  of  the  toxin  was  potentiated.  For  a  given 
maximal  dose  of  toxin,  the  increase  in  MEPP  frequency 
was  lo'i  in  i  nm  calcium,  50 'i  in  2  him  caicium,  and 
53 '»  in  the  solution  containing  5  him  calcium. 

An  examination  of  the  control  MEPP  frequencies 
recorded  in  various  concentrations  of  magnesium  as 
shown  in  Fig.  2  shows  an  inverse  relationship  between 
frequency  of  discharge  and  external  magnesium  concen¬ 
tration  (calcium  conen  2  him /liter).  By  progressively- 
increasing  the  magnesium  concentration  from  o  to  i,  2, 
and  3  HIM,  the  mean  rate  of  spontaneous  activity  was 
reduced  from  14.14  ±  2.67  see"'  (8  preparations)  to 
g.  13  ±  0.64.  7.20  ±  0.91,  and  6.n  ±  0.85  scc~',  respec¬ 
tively.  This  magnesium-induced  depression  of  the  .MEPP 
frequency  is  greater  than  that  descriljed  by  Hubbard  in 
ig6i  (13);  his  results,  however,  were  obtained  from  the 
rat  phrenic  nerve-diaphragm  preparation,  and  the 
average  reference  MEPP  frequency  observ^ed  in  the 
absence  of  magnesium  (4.2  sec"')  was  considerably  less 
than  that  in  the  mouse  intercostal  preparation  (14.  i 
sec"')  used  in  the  present  study. 

From  Fig.  2  it  is  ev  ident  that  magnesium  is  essential  to 
the  initiation  of  the  toxin-activated  MEPP  discharge; 
there  was  no  acceleration  of  MEPP  discharge  by  toxin 
when  magnesium  was  omitted  from  the  external  solution. 
In  Fig.  3  the  ratio  of  MEPP  frequency  in  x  lUM  magne¬ 
sium  to  MEPP  frequency  in  o  ium  magnesium  is  plotted 
as  a  function  of  the  external  magnesium  concentration 
(jf)  for  control  and  toxin-treated  tissues.  If  the  action  of 
toxin  had  been  potentiated  by  an  increase  in  the  magne¬ 
sium  concentration,  the  control  and  toxin  lines  should 
have  diverged.  Although  the  two  lines  appear  to  con¬ 
verge,  the  standard  errors  of  the  frequencies  as  shown  in 
Fig.  2  are  such  that  no  definite  conclusion  regarding  the 
relationship  between  magnesium  concentration  aud 
toxin  potentiation  of  MEPP  discharge  can  be  drawn. 

Effect  of  presynaptic  depolarization.  The  purpose  of  this 
series  of  experiments  was  to  determine  the  effectiveness  of 
a  constant  dose  of  toxin  after  the  nerve  terminals  had 
been  depolarized  either  by  increasing  the  external 
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TABLE  of  nitrate  on  MEPP  frequrmy  in 

tetanus  toxin  at  jj  C 
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{TO594B). 

potassium  concentration,  in  the  range  of  5-  jo  him,  or  tiy 
substituting  NHiCl  for  XaCU. 

The  relationship  iK’tween  MEPP  frequency  and 
external  potassium  was  similar  to  that  reported  for  other 
iiiammaliau  tissues  (19).  The  logarithmic  plot  of  control 
frequency  as  a  function  of  external  potassium  concentra¬ 
tion  was  linear  lietwcen  10  and  jo  him,  as  is  shown  in 
F’g.  4.-1.  It  is  apparent  from  Table  i  and  Fig.  4.-1  that,  as 
the  potassium  concentration  was  increased,  the  MEPP- 
stinnilating  effect  of  toxin  diminished.  No  significant 
toxin  potentiation  occurred  at  a  potassium  concentration 
of  10  niM,  and  with  concentrations  above  1 5  niM  toxin 
depres.sed  the  frequency  of  randotn  discharge.  From  the 
plot  of  the  logailthm  of  the  .MEPP  frequency  as  a  linear 
function  of  the  amount  of  depolarization  produced  by  the 
respective  external  potassium  concentrations  (Fig.  4^),  it 
appears  that  when  the  netTC  terminals  arc  depolarized  by 
lo-ao  mv  there  is  no  activation  of  .MEPP  frequency. 
.Above  JO  inv  of  depolarization  the  effect  of  toxin  is 
reversed  from  a  .MEPP-stimulating  to  a  .MEPP-depress- 
ing  action. 

In  order  to  exclude  the  possibility  that  the  MEPP 
reduction  which  occurred  in  the  potassium  solutions 
after  adding  toxin  was  the  result  of  depletion  of  trans¬ 
mitter  stores,  the  depolarization  experiments  were 
repeated  after  prolonged  exposure  of  the  tissues  to  the 
high-potassium  solutions.  Tissues  maintained  in  high- 
potassium  solutions  for  as  long  as  60  min  before  testing 
continued  to  liberate  quanta  at  frequencies  not  signifi¬ 
cantly  different  from  those  of  the  preparations  tested 
immediately. 

Because  the  amplitude  of  the  MEPP  is  determined 
partially  by  the  level  of  polarization  of  the  postsynaptic 
muscle  fiber,  the  size  of  the  miniature  potentials  was 
diminished  in  those  solutions  containing  high  concentra¬ 
tions  of  potassium.  However,  the  decrease  in  amplitude 
was  not  great  enough  to  interfere  with  accurate  measure¬ 
ment  of  the  frequency  of  the  spontaneous  discharge.  The 
noise  level  was  approximately  50  ;iv  and  the  mean  MEPP 
between  400  and  500  ^v;  thus,  a  MEPP  amplitude  re¬ 
duced  by  50 ' ;  would  still  be  four  to  six  times  greater  than 
the  noise  level. 

When  the  nerve  terminal  was  depolarized  by  am¬ 
monium  ions  (ir)  a  decrease  in  the  effect  of  toxin  was 
seen  similar  to  that  obtained  with  potassium.  It  will  be 
recalled  that  after  a  depolarization  of  more  than  jo  mv 
(as  estimated  from  the  relationship  given  in  Fig.  \B)  the 
toxin  depres.scd  rather  than  potentiated  the  MEPP 


frequency.  When  10' i  of  the  .\aCU  was  replaced  by 
NHiCU,  the  mean  resting  discharge  rate  at  ;J7  Ci  in  two 
experiments  increased  from  8.;};}  ±  0.80  to  10. 27  ±  i.oj 
scc~'  (Table  j).  After  the  subsequent  addition  of  a 
inaxiinuin  effective  dose  of  toxin,  the  frequency  vas 
further  increased  by  only  i;j'i  to  11.61  ±  i.  jj  sre-  •. 
Cioncurrently,  there  was  a  small  drop  in  the  musvic 
resting  potential  and  a  jo'i'  decrease  in  the  mean  MEPl 
amplitude.  In  two  separate  nrcp.uations  a  25 '«  replace¬ 
ment  with  NHiCl  increased  the  MEPP  frequency  u-fold 
over  the  control:  from  10.08  ±  0.71  to  123.07  ±  18.04 
sec"'.  The  subsequent  addition  of  the  same  dose  of  toxin 
depressed  the  MEPP  frequency  55'  ;  from  123.07  ± 
18.04  to  55.89  ±  12.54  scc“'.  At  this  magnitude  of 
replacement  the  resting  potential  of  the  muscle  cells 
dropped  by  approximately  20  mv,  and  the  average 
MEPP  amplitude  was  only  50' i  of  that  recorded  in  the 
normal  solutions  (Table  2). 

Furukawa  et  al.  (1 1 ),  in  1957,  reported  that  in  the  frog 
fibrillation  of  the  tmisclc  fibers  occurred  when  .\H4CU 
was  sub.stituted  for  NaC’.l.  The  fibrillation  apparently  oc¬ 
curred  because  the  muscle  cells  were  not  depolarized  as 
rapidly  as  the  nerve  terminals;  consequently,  the  outburst 
of  -MEPP’s  caused  fibrillations  of  the  muscle  fibers.  In 
those  studies  carried  out  at  37  C  we  did  not  observe 
fibiillation,  probably  because  the  muscle  cells  were 
rapidly  depolarized.  In  one  preparation  tested  at  25.5  C, 
however,  in  which  2^’i  of  NaOI  was  replaced  by  .NHiCil, 
the  mean  frequency  increased  from  i.i6  (16  fibers)  to 
128.40  sec  '  (7  fibers).  In  this  preparation  there  was 
some  evidence  of  fibrillation,  and  the  amplittide  was 
rcdticed  only  18 '<  from  0.42  to  0.35  mv.  Whereas,  at 
37  C,  the  muscle  cells  were  completely  depolarized  within 
ic  min  after  the  addition  of  NHiCl,  the  dejjolarization  at 
25.5  C  appeared  to  Ije  slower,  requiring  some  20  30  min. 
At  both  temperatures  the  maximal  increase  in  frequency 
was  reached  within  10  min  after  the  NHtCU  solution  was 
added. 

Importance  of  chloride  ions.  The  reversal  of  the  toxin  effect 
at  a  given  level  of  depolarization  suggested  that  the 
activation  might  have  been  related  to  a  conductance 
change  involving  some  ion  such  as  chloride,  whose 
equilibrium  potential  had  been  reached.  Substitution  of 
another  anion  with  different  conductance  properties  for 
chloride  might  then  be  expected  to  alter  the  response  to 
toxin.  It  is  apparent  from  Table  3,  however,  that  sub¬ 
stitution  of  nitrate  for  chloride  neither  potentiated  nor 
depressed  the  action  of  a  maximal  effective  dose  of  toxin. 

Summary.  From  the  studies  concerning  the  source  of  the 
activated  MEPP  discharge  it  is  apparent  that  the  action 
of  toxin  is  dependent  on  the  level  of  presynaptic  polariza¬ 
tion  and  on  the  character  of  the  external  ionic  composi¬ 
tion.  The  .MEPP's  activated  were  found  to  be  of  the 
calcium-dependent,  voltage-dependent  type  (9).  The 
activation  of  random  discharge  by  toxin  required  magne¬ 
sium  and  was  potentiated  by  calcium,  suggesting  that  the 
increased  spontaneous  discharge  is  linked  to  a  depolariza¬ 
tion  of  the  presynaptic  terminals  (13,  19). 
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Dirfcl  Effect  on  Xeuromuscular  Transmission 

In  order  to  determine  the  effects  of  toxin  on  certain 
aspects  of  stimulus-linked  neuromuscular  transmission, 
more  specifically,  on  transmitter  release  and  replenish¬ 
ment,  a  series  of  experiments  was  performed  in  the  rat 
phrenic  ner\’e-diaphragm  preparation. 

In  a  train  of  impulses  evoked  by  repetitive  stimulation, 
it  is  possible  to  determine  whether  a  given  agent  has 
altered  the  depolarization-coupled  release,  and  whether 
it  does  so  by  increasing  the  probability  of  release  or  the 
available  store  of  readily  refeaMble  units.  The  effect  of 
toxin  on  the  probability  of  release  was  first  determined 
when  the  quantum  content  was  reduced  to  the  level  of 
one  quantal  unit  by  elevating  the  external  magnesium 
and  reducing  the  external  calcium.  The  effect  of  toxin  on 
transmitter  depletion  and  mobilization  was  then  studied 
- after  blocking  iieuromuscular  transmission  by  curare. 

Effect  on  quantum  content.  When  neuromuscular  trans¬ 
mission  is  partially  blocked  by  elevating  the  magnesium 
and  lowering  the  calcium  ion  concentrations,  the  proba¬ 
bility  of  transmitter  release  initiated  by  a  nerve  spike 
becomes  very  low  (3,  4,  7,  8);  under  these  conditions,  the 
quantum  content  can  be  calculated  simply  by  the 
expression 

mean  EPP  amplitude 

m  tm  - - - — 

mean  MEPP  amplitude 

When  neuromuscular  transmission  was  depressed  by 
magnesium  (3),  tetanus  toxin  had  an  effect  on  both  the 
spontaneous  release  and  the  probability  of  release  by  the 
presynaptic  nerve  impulse.  In  the  presence  of  toxin 
(Table  4)  the  spontaneous  activity  increased  afi'i, 
from  a  control  level  of  14.44  ±  *-43  *0  ‘8.33  ±  2.20 
sec~*.  In  consideration  of  the  fact  that  any  depolarization- 
coupled  \|^PP  activation  would  be  reduced  considerably 
by  the  elwated  magnesium  concentration,  this  change 
was  assumed  to  be  maximal  and  similar  in  magnitude  to 
that  obsened  in  the  mouse  intercostal  preparations. 
Despite  the  potentiation  of  the  spontaneous  release,  there 
occurr^  definite  reduction  in  the  amount  of  trans¬ 
mitter  liberated  by  the  nen  c  spike :  the  quantum  content 


TABLE  4.  Effect  of  tetanus  toxin  on  MEPP  frequency  and 
quantal  content  in  rat  diaphragm  at  jy  C 


Control  Fiben* 

Test  Fibersf 

MEPP  freq. 

±  SE,  sec”' 

14.44i1.43 

i8.33±2.20 

-1-26.9 

No.  of  fibers 

(30) 

(22) 

m  ±  SE 

No.  of  fibers 

I  .39±o.o6 

(a6) 

I  .O7±O.02 

(18) 

-23.0 

*  Neuromuscular  transmission  partially  blocked  with  10.0 
mu  and  1.5  mu  Ca'^'^;  m  calculated  from  ratio  of  the 

mean  EPP/inean  MEPP  during  repetitive  stimulation  at  25 
cycles/sec.  t  In  the  presence  of  8.759  X  io~^  ing/inl  crude 
tetanus  toxin  (TD594B)  final  bath  concentration. 
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was  reduced  by  23^1,  from  1.39  ±  0.06  to  1.07  dr  0.02 
after  the  addition  of  toxin. 

Effect  on  transmitter  depletion  and  mobilization.  The  effects 
of  toxin  on  transmitter  depletion  and  mobilization  can 
lie  studied  when  neuromuscular  transmission  is  blocked 
with  curare  (19).  In  a  train  of  EPP’s  elicited  by  repetitive 
stimulation  of  a  curarized  preparation,  the  first  EPP  is 
usually  the  largest,  and  sequential  responses  show  a  brief 
decay  of  amplitude  followed  by  a  steady  “plateau.” 

The  rate  of  depletion  of  the  store  of  readily  releasable 
transmitter  was  determined  by  plotting  the  sequential 
responses  as  ratios  of  the  original  response  (19-22).  The 
rate  of  transmitter  depletion  was  decreased  in  the  pres¬ 
ence  of  toxin,  as  is  shown  in  Fig.  5.  In  the  control  fibers  at 
37  C,  the  second  response  was  reduced  to  95  "v  of  the 
first,  whereas,  after  the  addition  ofj  toxin,  the  average 
second  response  was  potentiated  to  107';?  of  the  first. 

This  sparing  effect  on  the  rate  of  t -a nsnutteF depletion 
in  the  pre.sence  of  toxin  could  result  :ither  from  a  reduc¬ 
tion  in  the  amount  of  transmitter  ifeerated  or  from  a 
more  rapid  replenishment  of  vacated  membrane  sites. 
There  did  occur  a  reduction  in  the  amount  of  trans¬ 
mitter  liberated;  at  37  C  the  mean  content  of  the  first 
EPP  in  a  train  was  165  quanta,  while  in  the  presence  of 
toxin  the  transmitter  content  of  the  initial  EPP  was 
reduced  by  50 to  83  quanta.  To  test  the  second  possi¬ 
bility,  the  eff.'ct  of  to.xin  on  the  level  of  sustained  trans¬ 
mitter  release  was  determined.  The  data  in  Table  5  show 
that  the  mean  level  of  sustained  output  at  37  C  was 
reduced  from  a  control  value  of  108.7  ±  13.5  to  79.2  ± 
4.5  quanta/impulse  after  the  addition  of  toxin.  This 
observation  indicated  that  toxin  had  no  stimulating 
effect  on  the  rate  of  transmitter  replenishment. 

DISCUSSION 

The  first  series  of  experiments  concerning  the  source  of 
MEPP  activation  suggest  that  th|e  toxin-potentiated 
spontaneous  activity  was  the  result  of  depolarization  of 
the  presynaptic  nerve  terminals. 

Previously,  del  Castillo  and  Katz  (6)  and  Liley  (19) 
have  shown  that  depolarization  by  presynaptically 
applied  cathodic  currents  increases  the  MEPP  frequency 
but  does  not  affect  the  amplitude.  Depolarization  by- 
increasing  the  external  potassium  ion  concentration  also 
has  been  shown  to  accelerate  the  frequency  of  miniature 
discharge,  the  logarithm  of  the  MEPP  frequency  being 
linearly  related  to  the  amount  of  depolarization  produced 
at  the  respective  potassium  concentrations  (ib).  Such 
potentiation  of  MEPP  discharge  by  depolarization  (pro¬ 
duced  either  by  presynaptically  applied  cathodic  currents 
or  elevated  potassium  concentrations)  has  been  shown  to 
require  calcium;  it  is  enhanced  by  raising  the  calcium 
concentration  and  depressed  by  raising  the  magnesium 
concentration  (6,  13,  19). 

The  acceleration  of  MEPP  frequency  by  tetanus  toxin 
is  consistent  with  presynaptic  depolarization.  Accelera¬ 
tion  did  not  occur  when  calcium  was  absent  and  was 
potentiated  as  the  calcium  concentration  was  elevated. 
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TABi.E  5.  EJff(t  of  trtanus  toxin  on  sustainfd 
Iransmiltfr  relrasf  at  J7  C 

Control  Kibrr!<*  Te^t  ►ibernt 

Avk  RP  71.3  yj.t 

Avr  m  ±  SR  108.7^13.3  79  2±4'5 

No.  of  librrs  {39)  f40) 

•  Nruroinuscular  condurtion  partially  blorkrd  by  <y-tub<i- 
curarinr  a-5  X  lo'’  r/miI.  m  Ualculatrd  from  ratio  of  the 
variance  to  the  mean  EPP  amplitude  diirini;  repetitive  stimula: 
tion  at  50  cycles/sec.  t  In  the  presence  of  1.75  X  lo'*  mit/ml 
trtanus  toxin  (TD594B)  final  bath  concentration. 

In  the  case  of  hif;h  inagncsiiiiii  no  conclusion  could  Itc 
drawn.  Depolarization  of  the  nerve  terniinal.s  by  lo-ztt 
mv,  brought  about  by  increa.sing  the  exterml  potassiuni, 
abolished  the  effect  of  toxin.  In  addition,  these  findings 
demonstrate  that  the  MEPP's  activated  by  toxin  are 
those  calcium-as.sOciated,  vuiidgL-ucpendent  quaiita 
which  arc  released  by  voltage  changes  generated  across 
the  nerve  teriniirjl  membrane. 

The  observation  that  toxin  exerted  no  effect  when 
magnesium  ions  were  absent  from  the  external  medium 
was  an  uncxjDccted  result  (Fig.  2).  However,  the  previous 
finding  (10)  that  7  kcal  is  required  for  the  MEPP- 
potentiating  action  of  toxin  suggested  that  this  process 
might  be  enzymatic.  If  that  is  the  case,  it  is  not  unlikely 
that  magnesium  ions  are  essential  to,  or  at  least  are 
cofactors  in,  such  an  enzymatic  process. 

The  means  by  which  toxin  acts  to  depolarize  the  nerve 
terminal  is  not  clear.  It  would  appear  that  there  occurs 
a  change  in  the  conductance  properties  of  the  nerve 
terminal  to  one,  or  to  a  combination,  of  ionic  species. 
From  the  present  data  neither  sodium  nor  potassium 
alone  seems  resp)on.sibIc  for  the  potentia*  changes.  From 
the  fact  that  100'/'  substitution  of  NaNOj  for  NaCl  had 


no  influence  on  the  MEPP  activation  by  toxin,  it  is  also 
unlikely  that  chloride  is  the  ionic  species  involved. 

The  second  series  of  experiments  demonstrated  that 
toxin  reduces  the  quantum  content  in  Ixrth  initial  and 
sequential  stimulus-evoked  EPP's,  but  does  not  alter  the 
rate  of  transmitter  replenishi’ient.  The  similarities  Ire- 
tween  the  effects  of  cathodic  depolarization  and  tetanus 
toxin  on  spontaneous  transmitter  release  raises  the  ques¬ 
tion  as  to  whether  presynaptic  depolarization  may  also 
account  for  the  observed  reduction  of  end-plate  potential 
qiiantnni  content.  It  is  generally  iK-lieved  that  at  the 
synapse  the  magnitude  of  the  postsynaptic  activity  is 
partly  a  function  of  the  presynaptic  .spike  height 
Hubbard  and  Schmidt  (14)  showed  that  at  the  mam¬ 
malian  neuromuscular  junction  the  logarithm  of  the 
amplitude  of  the  EPP  varies  linearly  with  the  amplitude 
of  the  presvnaptic  spike  potential.  In  othei  studies 
Hubbard  and  Willis  (13)  demonstrated  that  at  Ixrth  the 
curarized  and  the  magnesium-poi.soned  neuromuscular 
junction,  during  the  passage  of  depolarizing  currents  on 
the  presynaptic  terminals,  the  EPP's  elicited  by  stimula¬ 
tion  of  the  phrenic  nerve  were  reduced  in  amplitude.  The 
reduction  of  the  EPP  amplitude,  expressed  as  a  fraction 
of  the  control  amplitude,  was,  in  their  experiments, 
linearly  related  to  the  strength  of  the  depolarizing 
current.  As  in  the  present  toxin  experiments,  there 
occurred  no  change  in  the  antplitude  of  NfEPP's  recorded 
in  the  magnesium-poi.soned  preparations,  showing  that 
the  change  in  EPP  size  was  not  a  postsynaptic  effect.  The 
evidence  from  both  Hul)bard  and  Willis'  experiments 
and  the  toxin  experiments  presented  here  is  therefore 
taken  to  mean  that  the  peripheral  neuromuscular 
properties  of  tetanus  toxin  result  from  depolarization  of 
the  motor  nerve  terminals. 


REFERENCF-S 

1.  Brcxiics,  V.  B.,  D.  R.  Ci-hih,  and  J.  C.  Ecclrj.  The  action 
of  trt.inus  toxin  on  the  inhibition  of  motoncuroncs.  J.  Physiol., 
London  135  :  853 -67  z.  1957- 

2.  Bi'LBRiNr.,  E.  Observations  on  the  isolated  phrenic  nerve 
diaphrattin  preparation  of  the  rat.  Biil.  J.  Phormacol.  1  :  38- 
61,  194b. 

3.  Drl  (^AsriLLO,  f.,  AND  E.  Enobark.  The  nature  of  the  neuro¬ 
muscular  block  produced  by  magnesium.  J.  Physiol.,  London 
'•'4:  ;57f>-384-  '954- 

4.  Drl  Ca.st!llo.  J.,  and  B.  Katz.  The  effect  of  magnesium  on 
the  activity  of  motor  nerve  endings.  J.  Physiol.,  London  124: 
3.53  .5,59-  •9,54- 

5.  Drl  ClAs'riLLO,  J.,  and  B.  Katz.  Quantal  components  of  the 
end-plate  potential.  J.  Physiol. ,  London  124:  560  '•,73,  1 9', 4. 

t».  Drl  Ca.stillo,  and  B  Katz.  Changes  in  en<l-plate  activity 
produced  by  pre-synapfic  polarization.  J.  Physiol,  London 
124:  586  ^4,  1954. 

7.  Drl  Castillo,  and  B  K  atz.  Biophysical  juipects  of  neuro¬ 
muscular  transmis  inn.  Proor.  Biophys.  Btophys.  Chrm.  fi :  1 2 1  - 
170,  1956. 

8.  Drl  Ca,stillo,  J.,  and  E.  S^aRR.  The  effect  of  Ca**  ions  on 
the  motor  end-plate  potential.  J.  Physiol.,  London  116:  506- 
5'5.  'Pj-i 

9.  Ecolr.s,  j.  C.  Thf  Physiology  of  .Synapsfs.  New  York:  .Xcademic, 
1984. 

in.  Friokn,  G.  .\.,  N.  .S.  Prcrrson,  W.  W.  Hofmann,  G.  H. 
Grntiirr,  and  W.  E.  van  Hrvningen.  The  effect  of  impure 


tetanus  toxin  on  the  frequency  of  miniature  end-pl.ite  poten¬ 
tials.  J.  (irn.  .Microbiol.  33:  4B9  495,  1983. 

II.  Furukawa,  T..  .\.  Furl'Kawa,  and  T.  Takaci.  Fibrillation 
of  muscle  libers  produced  by  zmmonium  ions  and  its  relation 
to  the  spontaneous  activity  at  the  neuromuscular  junction. 
Japan.  J.  Physiol.  7;  252-283,  1957. 

12  Hrilbronn,  I,.  V.  .In  Oullinr  of  (Ifrstral  Physiology  (3rd  ed.). 
Philadelphia:  Saunders,  1952. 

13.  lli'BBARD,  ,J.  E  The  effect  of  calcium  and  magnesium  in  the 
spontaneous  rele:ise  of  transmitter  from  mamni.ilian  motor 
nerve  endings.  J.  Physiol.,  London  159:  507-517,  1981. 

14.  Hubbard,  J.  E,  and  R.  F.  S-gmmidt.  .\n  electrophysioli^gical 
investigation  of  mammalian  motor  nerve  terminals.  J.  Physio!., 
London  186:  145-167,  1983. 

15.  Hubbard,  J.  E,  and  \V.  .\.  Willis.  Reduction  of  tr.msmitter 
output  by  depolarization.  Sahtrr  193:  1294-1295,  1982. 

16  Katz,  B.  The  transmission  of  impulses  from  nerve  to  muscle, 
and  the  subcellular  unit  of  synaptic  action.  Pret.  Roy.  .Sot., 
London.  Scr.  B  155:  455-479,  1982. 

17.  f.lLRV,  .\.  W.  .\n  investigation  of  spontaneous  activity  ,it  the 
iieuromu.scular  junction  of  the  rat.  J.  Physiol.,  London  132; 
650  668,  1956. 

18.  Eilrv,  .\.  W.  The  quantal  components  of  the  mammalian 
end-plate  potential,  J.  Physio!.,  London  133:  571  587,  1956. 

19.  Eilry,  .X.  W.  The  effects  of  presynaptic  polarization  on  the 
spontaneous  activity  it  the  mammalian  neuromuscular  junc¬ 
tion.  J.  Physio!.,  London  134:  427-443,  1956. 


PARSONS,  HOFMANN,  AND  FEiaE.N 


20.  Liley,  a.  \N.,  and  K.  a,  K.  North.  An  riectrical  investiga* 
lion  of  eflects  of  repetitive  stimulation  on  mammalian  neuro¬ 
muscular  junction,  y.  AVuro^Ajtrio/.  16:509-527,  1953. 

21.  Lundbero,  .\.,  AND  H.  Ql'Iliscii.  Presynaptic  potentiation 
and  depression  of  neuro-muscular  transmission  in  frog  and 
rat.  Acta  Physiol.  Scand.  30:  Suppl.  m,  111-120,  1953. 

22.  l.UNDBERG,  .\.,  AND  H.  QuiLiscH.  On  the  effect  of  calcium  on 
presynaptic  potentiation  and  depression  at  the  neuro-muscular 
junction.  Acta  Physiol.  Scand.  30:  Suppl.  iii,  121-128,  1953. 

23.  Martin,  A.  R.  A  further  study  of  the  statistical  composition 
of  the  end-plate  potential.  J.  Physiol.,  London  130:  114-112, 
*955- 


24.  Peterson,  N.  S.,  and  G.  A.  Feioen.  Effect  of  NO,  t  n  atrial 
action  potentials  and  contraction  as  modified  by  Na  and  Ca. 
••Im.  y.  PAyiio/.  20^2 ;  950  956,  1962. 

25.  SzEKERES,  1..,  AND  E.  M.  Vauoiian  Wieliams.  .\;.tilibi illatory 
action.  J.  Physiol..  iMndon  ifio:  470  -482,  1982. 

26.  Van  Meynincen,  W.  E.  Tentati\-e  identification  of  the  tetanus 
toxin  receptor  in  nervous  tis.sue.  J.  Cm.  .Mictohiol.  20;  310- 
320,  1959. 

27.  Van  IlF.YNl^cEN,  \V.  E.  The  fixation  of  tetanus  toxin,  strych¬ 

nine,  serotonin,  and  other  substances  by  gangliosidc.  J.  ficn. 
Microbiol,  it :  1963. 


